Administration of the convulsants pentylenetetrazole (Metrazole) or picrotoxin to rats caused a dramatic increase in mRNAs of four putative transcription factor genes,
Many extracellular ligands, such as neurotransmitters and protein growth factors, modify target cell properties through receptor-mediated changes in gene expression. Indeed, it has been proposed that long-term neuronal effects of neurotransmitters and neuromodulators that underlie learning and memory occur by means of the activation of genes that encode one or more transcription factors, which then regulate the activity of other genes (1, 2) . This postulated pattern of gene activation and control is similar to the emerging picture of growth factor-induced gene expression in nonneuronal cells in culture, in which there is sequential activation of sets of genes, beginning with "immediate early" or "competence" genes (3-7) that encode transcription factors.
An example ofan immediate early gene that may play a role in cell growth and in neuronal response to stimulation is the protooncogene c-fos, which is transcriptionally activated in quiescent fibroblasts by growth factors (8) and is expressed in neurons in response to a variety of stimuli (9) . The synthesis of fos protein is rapidly induced in neurons in the dorsal horn of the spinal cord after sensory stimulation of the appropriate dermatome (10) and in specific regions of rat brain after pharmacologically induced seizures (11) and electrically induced seizures associated with the kindling paradigm (12, 13) . The c-fos gene is also transcriptionally activated in PC12 pheochromocytoma cells after stimulation of nicotinic acetylcholine receptors (14) and depolarization of the cell membrane (15) . In light of these findings for c-fos, we examined the response of other growth factor-regulated genes in rat brain after pharmacologically induced seizures.
The genes we examined were identified in BALB/c 3T3 mouse cells as immediate early, growth factor-activated, genes and encode known or probable transcription factors: c-jun encodes the mammalian transcription factor AP-1 (16) (17) (18) (19) (20) ; jun-B (21) shares extensive sequence homology with c-jun; and zif/268 (22) , the murine homolog of the rat nerve growth factor inducible (NGFI)-A gene (23) , encodes a protein with three "zinc finger" sequences characteristic of a class of transcription factors (24) . Immediate early genes, which include c-fos, are distinguished from other genes modulated by growth factors by their rapid transcriptional activation even in the absence of protein synthesis (3) (4) (5) (6) (7) . Transcription of these genes increases dramatically, generally within minutes after addition of growth factor or serum, and returns to preinduced levels after a few hours. Moreover, immediate early mRNAs decay rapidly, resulting in transient synthesis of their encoded proteins. It is thought that some of these immediate early proteins regulate the subsequent genomic response to growth factors (3) (4) (5) (6) (7) .
To determine if the expression of immediate early genes identified in the 3T3 fibroblast line can be modulated in neurons, we used electrophoretic blot hybridization analysis and in situ hybridization to look for changes in amounts of the mRNAs corresponding to these genes in rat brains after seizures induced by the administration of the convulsants pentylenetetrazole (Metrazole) or picrotoxin. Pentylenetetrazole-induced seizures were previously shown by Morgan and coworkers (11) to cause a dramatic and rapid increase in c-fos mRNA and c-fos protein in distinct areas of the brain. We report here the observation that pentylenetetrazole and picrotoxin also cause a rapid increase in brain mRNAs for the murine immediate early genes c-jun, jun-B, and zif/268. The anatomical and temporal distributions of these mRNAs (as well as c-fos mRNA) after convulsions are similar to those observed for c-fos protein (11) . Our observations thus point to a complex change in the regulation of gene expression induced by pharmacological agents that cause extensive neuronal stimulation.
MATERIALS AND METHODS RNA Analysis. Total cellular RNA was isolated by using the procedure of Chirgwin et al. (25) . Blot hybridization analysis was conducted as described by Linzer and Nathans (26) . Murinejun-B cDNA (21) and murine c-fos (27) genomic DNA sequences were cloned in pGEM-2 (Promega Biotec, Madison, WI), and zif/268 cDNA (22) Control animals received injections of similar volumes of sterile water or saline (0.25 ml). To control for nonspecific neuronal activation, another group of animals was treated with apomorphine, a nonspecific dopamine agonist (2-5 mg/ kg), or p-chloroamphetamine (5 mg/kg), a serotonin-releasing agent. At appropriate times, the animals were sacrificed by decapitation and the brains were rapidly dissected.
In Situ Hybridization. Frozen 10-tum-thick sections of whole brains or half-brain pairs from experimental and control animals were mounted on glass slides and prepared for hybridization to RNA probes as described by Largent et al. (30) . In situ hybridization was performed as described by Segal and Shilo (31) , with the following modifications: "5S-labeled RNA probes were not denatured with alkali; prehybridization was usually omitted; hybridization was performed in a moist chamber under unsealed, silane-treated coverslips at 460C, using 5 x i0s to 1 x 106 cpm of probe for each section; slides were washed twice in 2 x SSC (1 x SSC is 150 mM NaCl/15 mM sodium citrate, pH 7), incubated for 15 min at 370C in 2 x SSC containing RNase A (Worthington) at 10 ttg/ml, and washed three times in 2 x SSC; after washing overnight as described, sections were dehydrated by sequential immersion in 30%6, 50%, 70%6, 95%, and 100%, (vol/vol) ethanol, air dried, and exposed to Hyperfilm /3-max (Amersham) or Ultrofilm (LKB) at 40C for 5-15 days. For resolution of hybridization at the cellular level, sections were exposed to Kodak autoradiography emulsion (NTB3) for 3 weeks at 40C, developed, and stained with toluidine blue.
RESULTS
Blot Hybridization Analysis of Brain RNA. Tissues from different regions of the brain were surveyed for mRNAs of a group of genes that are known to be activated rapidly in 3T3 fibroblasts after growth factor stimulation. These genes (zif/268, jun-B, c-jun, and c-fos) encode proteins thought to be involved in regulating the genomic response of 3T3 cells to growth factors (3) (4) (5) (6) (7) 21) . As shown in Fig. 1, 30 min after intraperitoneal injection of pentylenetetrazole, zif/268, jun-B, c-jun, and c-fos mRNAs in the forebrain were increased compared to animals that received saline injections. These mRNAs were also increased in the cerebellum and hippo- (Fig. 5 ). For each of the genes examined, hybridization was observed only for the antisensestrand probe (i.e., the probe complementary to the mRNA), and not the sense-strand probe under identical conditions. Fig. 2 shows typical results obtained with the zif/268 probe (19 of 21 animals tested). Increased zif/268 mRNA was particularly evident in regions that contain dense concentrations of neurons such as the dentate gyrus and the CA1-CA4 layer of the hippocampus and layer II of the pyriform cortex and cingulate cortex. Increases in zif/268 mRNA were not observed in the midbrain, brain stem, or cerebellum, even in regions with densely packed neurons such as the cerebellar granule cell layer (data not shown). The same pattern of hybridization was obtained when antisense RNA probes containing exclusively 3' untranslated sequences of zif/268 were used (3 of 4 animals). No hybridization was observed with the sense-strand zif/268 probe (10 of 10 animals) (Fig.  2B) . After picrotoxin-induced seizures, the patterns of hybridization were essentially the same as those observed after pentylenetetrazole administration (2 of 2 animals).
To localize zif/268 mRNA more precisely, the tissue sections were exposed to photographic emulsion for 3 weeks and examined by dark-and light-field microscopy. In the dentate gyrus, the majority of the silver grains were found over the densely packed granule cell neurons and over isolated cells in the hilus (Fig. 3 A and B) . In the pyriform cortex, there were dense concentrations of grains over the neuron-rich layer II of the cortex and sparse grains over cortical layer I, which contains few neuronal cell bodies (Fig.  3 C and D) .
As shown in Fig. 4 , mRNAs for c-jun (8 of 10 animals) and jun-B (13 of 13 animals) also increased dramatically in specific regions of the brain after the administration of pentylenetetrazole, and they showed a spatial distribution similar to that obtained for zif/268. Although c-jun andjun-B encode closely related proteins, it is unlikely that there is sufficient homology at the level of DNA sequence to permit cross-hybridization at the level of stringency used in this experiment. (Also, cross-hybridization was not observed in blot hybridization analysis.) In Proc. Natl. Acad. Sci. USA 85 (1988) between the 3' untranslated regions of these cDNAs (K.R., unpublished data), it is probable that the c-jun and jun-B probes detected distinct mRNAs.
The pattern of hybridization obtained with the c-fos RNA probes (9 of 9 animals) is also shown in Fig and c-fos mRNAs. In the dentate gyrus, these mRNAs were detected as early as 15 min after administration of pentylenetetrazole or picrotoxin, reached maximal levels within 60 min, and were barely detectable at 120 min (Fig. 6) . The rapid appearance and disappearance of these mRNAs is similar to the pattern of mRNA expression previously observed for immediate early genes in 3T3 cells after stimulation with 
DISCUSSION
The principal finding of this study is that specific neuronal populations in the central nervous system respond to intense electrical activity by rapidly increasing zif/268, c-jun, and jun-B mRNAs, which encode putative transcription factors. Although only c-jun has been proven to encode a transcription factor, AP-1 (17) (18) (19) (20) , jun-B encodes a protein closely related to AP-1 (21) , and zif/268 encodes a protein with zinc finger sequences that are related to those present in the known transcription factors TFIII-A (32) and Spl (33) . Our observations extend the findings of Morgan et al. (11) , who showed that c-fos mRNA and protein are rapidly and transiently increased in rat brain after pentylenetetrazoleinduced seizures. Recently, Sukhatme et al. (34) also described the rapid rise of egr-1 (identical to zif/268) mRNA in the brains of mice after pentylenetetrazole-induced seizures. The increased mRNA levels are induced by intense stimulation, not simply by the administration of centrally active drugs, since neither apomorphine or p-chloroamphetamine [nonconvulsant drugs that stimulate dopamine receptors (35) and release serotonin (36) , respectively] increased mRNA levels for any of the genes tested (data not shown).
Considerable variability in the intensity and duration of the behavioral response was observed after pentylenetetrazole administration. As might be expected, therefore, we noted considerable interanimal variation in mRNA elevations. Nevertheless, the anatomical pattern observed by in situ hybridization was remarkably similar for zif/268, c-jun, jun-B, and c-fos mRNAs, suggesting that these genes may be coordinately expressed in the same set of neurons. In a few experiments performed on the cerebellum, mRNA increases were observed by blot hybridization analysis but not by in situ hybridization. This discrepancy may stem from a particularly large interanimal variability in response in this area or may reflect difficulty in detecting a diffuse increase in mRNA by the in situ technique.
The induction of transcription factor mRNAs after seizures suggests that another wave of gene expression follows, implying a programmed genetic response to intense neuronal activity. Possible similarities between the mechanism by which cells respond to growth factors and the mechanism by which neurons may respond to electrical and chemical stimuli to establish long-term memory have been discussed by Goelet et al. (1) and Berridge (2) . In the former case, the interaction of specific growth factors with membrane receptors initiates the activation of second messenger systems that ultimately induce genes whose expression is required for cell growth. An intermediate step in this process is the rapid activation of immediate early or competence (3-7) genes encoding transcription factors that initiate a second wave of gene expression. A similar sequence of events is proposed for the induction of long-term changes in the behavior of neurons after specific types of stimulation. The observations that protein and RNA synthesis inhibitors block long-term changes in synaptic efficiency in the hippocampus (37, 38) and in the invertebrate Aplysia (39) lend support to this model.
Although it is difficult to extrapolate from the effects of pharmacologically induced seizures to neuronal responses to natural stimuli, it is possible that the specific changes in gene expression after the administration of convulsants that we and others have observed are amplifications of normal brain processes. If so, one should be able to detect similar changes in gene expression after more natural or more localized stimuli that modify neuronal behavior.
